Alternative splicing (AS) is a key post-transcriptional regulatory mechanism, yet little information is known about its roles in fruit crops. Here, AS was globally analyzed in the wild strawberry Fragaria vesca genome with RNA-seq data derived from different stages of fruit development. The AS landscape was characterized and compared between the single-molecule, real-time (SMRT) and Illumina RNA-seq platform. While SMRT has a lower sequencing depth, it identifies more genes undergoing AS (57.67% of detected multiexon genes) when it is compared with Illumina (33.48%), illustrating the efficacy of SMRT in AS identification. We investigated different modes of AS in the context of fruit development; the percentage of intron retention (IR) is markedly reduced whereas that of alternative acceptor sites (AA) is significantly increased post-fertilization when compared with pre-fertilization. When all the identified transcripts were combined, a total of 66.43% detected multiexon genes in strawberry undergo AS, some of which lead to a gain or loss of conserved domains in the gene products. The work demonstrates that SMRT sequencing is highly powerful in AS discovery and provides a rich data resource for later functional studies of different isoforms. Further, shifting AS modes may contribute to rapid changes of gene expression during fruit set.
INTRODUCTION
Alternative splicing (AS) indicates the process in which alternative splice sites are selected to generate more than one transcript from heterogeneous nuclear RNA (hnRNA) transcripts, which is performed by the spliceosome, a large protein and RNA complex (Wahl et al., 2009) . During AS, the intronic sequences were defined by the dinucleotide conserved sequence motifs at the intron/exon junctions, usually GT-AG, which are respectively named as 5 0 donor site and 3 0 acceptor site. The different transcript isoforms might encode proteins with different functions or affect the mRNA stability or translational capacity (Reddy et al., 2013) . For a multiexon mRNA, the splicing mode may vary in multiple ways, including intron retention (IR), exon skipping (ES), alternative donor sites (AD) and alternative acceptor sites (AA) (Black, 2003) . Moreover, some genes have multiple isoforms. Therefore, AS dramatically increases the complexity and flexibility of the entire transcriptome and proteome. To begin revealing the regulatory roles of AS in plants, comprehensive identification of alternatively spliced genes has been reported in several plant species (Filichkin et al., 2010; Zhang et al., 2010; Marquez et al., 2012; Li et al., 2014; Shen et al., 2014; Thatcher et al., 2014) . In these studies, up to about 60% multiexon genes were reported to have AS depending on species and tissues, indicating that AS is a widespread and major post-transcriptional regulatory mechanism in plants, though not as prevailed as in humans (Pan et al., 2008; Wang et al., 2008) . Furthermore, AS is sensitive to developmental cues as well as biotic and abiotic factors (Shikata et al., 2014; Ling et al., 2015; Mandadi and Scholthof, 2015; Sun and Xiao, 2015; Thatcher et al., 2016) . At the same time, careful functional studies of different isoforms also provided direct insights into the important regulatory roles AS plays, for example, in hormone signaling (Kriechbaumer et al., 2012; Jiang et al., 2015; Wang et al., 2015) .
Over the past few years, the second generation sequencing (NGS) technology has been widely utilized for AS prediction. However, its major challenge is the inability to accurately predict each isoform due to the short sequencing reads (Steijger et al., 2013; Tilgner et al., 2013) . By contrast, single-molecule, real-time (SMRT) sequencing technology, such as the PacBio system, yields kilobasesized sequence reads usually representing full-length mRNA molecules (Eid et al., 2009; Sharon et al., 2013) . Hence, this third generation sequencing technology is highly valuable for gene annotation of newly sequenced genomes and AS analyses (Minoche et al., 2015) . In plant, SMRT sequencing has been employed in the AS analysis of few plant species, which largely increased the sensitivity of isoform identification Abdel-Ghany et al., 2016; Wang et al., 2016) . Hence, SMRT sequencing offers significant advantages over NGS in AS identification.
The garden strawberry (octoploid) F. 9 ananassa is a fruit crop of great nutrition and economic value. A related wild strawberry (diploid) Fragaria vesca, conversely, is diploid and easy to work with in laboratories. The genome of F. vesca is small (~240 Mb) and currently available (Shulaev et al., 2011) . Since F. vesca is one of the plausible progenitors of F. 9 ananassa (Hirakawa et al., 2014) and offers the benefits of small stature, ease of growth, short life cycle, and facile transformation, it is a good model system for F. 9 ananassa and other fruit crops in Rosaceae. Moreover, the flower and fruit development in strawberry are very unique, in that the carpels are apocarpous, and the stem tip, named receptacle, turns into the fruit flesh (Hollender et al., 2012) . Fruit ripening in strawberry is induced by abscisic acid (Jia et al., 2011) , hence F. vesca is also a good model for investigations of non-climacteric fruit development. A previous study showed that AS caused by a natural variation in the F. 9 ananassa polygalacturonidase gene (FaPG) resulted in a premature termination codon and thus affected the fruit firmness (Villarreal et al., 2008) , suggesting that AS could have a profound effect on traits of economic importance.
To uncover genome-wide AS events during strawberry fruit development, transcriptomes of receptacle from the diploid F. vesca variety YW5AF7 are examined by both SMRT sequencing and Illumina-based RNA-seq. First, we compared the efficacy of SMRT and Illumina RNA-seq in AS detection by sequencing the same sample of F. vesca receptacle using the two sequencing platforms. Then, differential splicing events between developmental stages of F. vesca receptacle were identified using a previous dataset generated by Illumina RNA-seq (Kang et al., 2013) .
Finally, the isoforms identified by SMRT and Illumina RNAseq were all merged and characterized. Taken together, our in-depth analysis demonstrated the power of the SMRT sequencing technology in detecting AS genes in fruit crops, generated large NGS and SMRT datasets to share with the community, revealed potential new regulatory mechanism involving AS mode shift in fruit development, and identified a large number of isoforms during the strawberry fruit development paving the way for further functional studies.
RESULTS
High-quality reads were obtained from the receptacle of F. vesca by SMRT sequencing
To reveal the roles of AS in receptacle development, the receptacle tissues from five different stages (small green, big green, turning, pink, and red) of wild strawberry (F. vesca YW5AF7) were pooled for SMRT sequencing on the PacBio RS platform as well as Illumina RNA-seq (Figure 1a, b) . In total, 13 SMRT cells were used for the three libraries at three size ranges, namely 1-2 Kb, 2-3 Kb, and >3 Kb. To assess the data quality, a relaxed standard was first applied for filtering, resulting in 797 718 ReadsOfInserts composed of 429 148 full-length reads and 368 570 non-full-length reads (Table 1) . The density plot of the length of all ReadsOfInserts showed three obvious peaks consistent with the expected size of the three libraries (Figure 2a) . The average length of the ReadsOfInserts is 2466 bp, which is much longer than the average length of 1187 bp for previously annotated genes (Table 1) . When the ReadsOfInserts were mapped against the F. vesca genome ver2.0.a1 by GMAP (Wu and Watanabe, 2005; Tennessen et al., 2014) , 89.2% of the ReadsOfInserts aligned to 13 284 annotated genes out of 33 673 genes in the genome. 2229 of the 13 284 genes only possess one ReadsOfInsert ( Figure 2b ). The median number of mapped ReadsOfInserts per gene is around 10; the most abundant gene has 3561 aligned ReadsOfInserts.
Eighty-nine million 125 bp paired-end reads were generated on the Illumina HiSeq2500 platform. The analysis result is called 'Illumina' hereafter. We used a scatterplot to examine whether the number of aligned SMRT reads for each gene are nicely correlated with its expression level in Illumina. There is a poor correlation between the two techniques with the R-squared value 0.17 ( Figure 2c ). Nevertheless, the SMRT sequencing provided a large number of full-length and high-quality transcripts suitable for further AS analysis.
The sequencing depth of SMRT is lower than Illumina
To assure the accuracy of AS prediction, the high-quality 442 601 ReadsOfInserts obtained by stringent filtering were further clustered into a total of 85 416 consensus transcripts (Table 1) . After sequencing error correction by LoREDC (Long-Read DBG Error Correction) (Salmela and Rivals, 2014) , 96.4% of these consensus transcripts could be aligned to the genome by GMAP (Table S1 ). Lastly, the removal of redundant transcripts reduced the transcript number to 33 236, each one of which represents a unique full-length isoform/transcript. For simplicity, this result is called 'SMRT' hereafter. The coverage information of each transcript was saved in the .gtf file (Data S1). Here, the transcripts with a class_code '=' or 'j' classified by Cuffcompare were defined as 'known transcripts', whereas all the others (such as 'u', 'e', 'x', and 'o') were defined as 'novel transcripts' (Trapnell et al., 2012) . In SMRT, the 5501 novel transcripts are overall shorter than the 26 737 known transcripts (Figure 2d , P < 0.05, Kolomogorv-Smirnov test). By contrast, the median length of new introns in protein-coding genes revealed by SMRT and Illumina is 215 bp and 248 bp, respectively, which is longer than previously annotated introns (Figure 2e , P < 0.05, KolomogorvSmirnov test). (c) The workflow of data analysis using previously generated Illumina RNA_seq datasets (Kang et al., 2013; Hollender et al., 2014) . In (b) and (c), software names are in blue. [Colour figure can be viewed at wileyonlinelibrary.com]. When all the assembled transcripts were considered, Illumina RNA-seq detected not only more annotated genes (14 103) than the SMRT sequencing (10 957), but also more novel genes (7953 in Illumina versus 3649 in SMRT) (Figure 2f) . Of annotated genes, 10 306 genes could be found by both Illumina and SMRT, 651 genes could be specifically identified by SMRT, and 3797 genes could be specifically identified by Illumina (Figure 2g) . Moreover, the 3797 Illumina unique genes are lowly expressed and shorter than the genes in SMRT (Figure 2h , i, P < 0.05, Kolomogorv-Smirnov test), suggesting that sequencing depth needs to be increased to detect more genes. To conclude, the results at the gene level indicate that the SMRT sequencing depth is lower than that of the Illumina data.
SMRT has a higher efficacy in alternative splicing identification
When comparing the isoforms in SMRT and Illumina, a greater number of isoforms were uniquely identified in SMRT (16 529 SMRT versus 10 558 Illumina) despite lower sequencing depth in our SMRT data (Figure 3a) . Considering the isoforms in the annotated loci, most of the splicing junctions (SJs) reside in the coding regions (CDS), highlighting the potential of AS to affect protein products (Figure 3b) . With regard to the splicing donor-acceptor sites, a majority (97.13%) are the canonical GU-AG, followed by GC-AG with only 1.18% (Figure 3c ). The AU-AC splice sites, specifically called U12-type introns reported to have important regulatory roles (Patel et al., 2002) , accounts for only 0.10% (Figure 3c ). The distributions of SJs and splice sites are comparable between SMRT and Illumina, indicating that the SMRT data are reliable and the analysis pipeline is appropriate.
The identified transcripts in SMRT are located in 10 957 known loci, but only 9865 genes have more than one exon according to the annotation. For the remaining 1092 single-exon genes, the AS either takes place in the UTR regions which is absent in the analysis for determining number of exons, or is due to inaccurate gene annotation. Of the detected multiexon genes in the genome, 57.67% possess alternatively spliced isoforms, of which about 10% possess more than five isoforms ( Figure 3d and Data S2). Noticeably, gene12969 with 24 exons has the most isoforms, totaling 42 ( Figure S1a and Data S2), which encodes a saccharopine dehydrogenase involved in lysine catabolism (Zhu et al., 2000; Stepansky et al., 2005) . The second top-ranking locus gene03224 has 37 isoforms (Figure S1b) , which encodes the DNA-binding bromodomaincontaining protein. Four other genes (gene11046, gene23790, gene12968, gene18601) were also found to possess more than 30 isoforms. In sharp contrast to SMRT, 33.48% of the 12 854 detected multiexon genes possess more than one isoform in Illumina (Figure 3d ). Although SMRT identified more isoforms than Illumina, the number of isoforms for each gene is much diversified between the two datasets; and a fraction of genes has more isoforms in Illumina instead ( Figure 3e and Data S2), likely due to the very few reads in SMRT ( Figure S2 ).
The AS events in SMRT and Illumina were further classified into a few types including IR, ES, AD, and AA by the AStalavista tool (Foissac and Sammeth, 2007) . Consistent with the comparison of the isoforms, more AS events were also identified by SMRT (Table 2) . For both datasets, IR is the most frequent AS type followed by AA, AD, and ES (Table 2) , similar to what was reported in other plant species (Marquez et al., 2012; Shen et al., 2014) . In addition, the percentages of the four major AS types were comparable between SMRT and Illumina, but the percentage of other more complicated alternative splicing types is greater in SMRT (Table 2, P < 0.05, Hypgeom.dist). These results illustrate that SMRT is more effective in detecting new isoforms than Illumina.
Alternative splicing identified by Illumina partly depends on the assemblers
To gain more insights into the differences of SMRT and Illumina in AS analysis, we made a Corrgram showing the correlation coefficients between the number of isoforms and the expression level (FPKM) for each gene derived from both SMRT and Illumina. Interestingly, more isoforms are likely to be found for highly expressed genes in SMRT compared with Illumina ( Figure 3f ). The boxplot reveals the similar result that AS genes are more highly expressed than the non-AS genes in SMRT, whereas there is no such difference in Illumina (Figure 3g) . However, AS genes tend to have more exons than non-AS genes in both datasets (Figure 3h ). 'SMRT' indicates the SMRT sequencing data generated from the pooled receptacles of YW5AF7. 'Illumina' indicates the Illumina paired-end RNA-seq data generated from the pooled receptacles of YW5AF7. The percentage was defined as the ratio of number of each AS type to the total events for each library.
In the above analysis, Illumina only detected about half AS genes of what detected by SMRT (33.48% vs. 57.67%). To assess the effects of different assembly algorithms in Illumina, the other two short-read assemblers, namely Cufflinks and Trinity (genome-guided model), were also employed to analyze the data. To ensure an accurate comparison, we only considered known loci that could be identified by all the short-read assemblers and SMRT. Consequently, each short-read assembler could only discover a proportion (StringTie: 38.05%, Cufflinks: 33.33%, Trinity: 18.41%) of the SMRT isoforms, and SMRT found the greatest number of unique isoforms ( Figure S3 ). Taken together, the short-read assembly algorithms will partly affect the isoform reconstruction.
AS dynamics during flower and fruit development in YW5AF7
To profile the AS during strawberry fruit development, our previous datasets were employed with 74 RNA-seq libraries including finely dissected fruit tissues at five development stages (Kang et al., 2013; Hollender et al., 2014) . In total, the 51 bp single-end reads in these libraries representing 37 tissue-stages (two replicates for each tissue) add up to a combined 1951 million reads (Table S2 ). The reads from these samples were individually aligned and assembled (Figure 1c ). The number of annotated genes undergoing AS in each tissue type ranges from 510 (Embryo_3) to 5411 (Carpel_7-8), with a mean of 2663 genes ( Figure S4 and Table S3 ). We found that some tissues have more AS genes than others, such as Anther_78 (anthers at floral stages 7 and 8) compared with other anther samples; but the number of identified AS events is also greatly related to the sequencing depth, obviously shown in the two replicates of Embryo4 (Table S3) .
To further characterize AS during strawberry development, AS events were classified into the four major AS types (IR, AA, AD, ES) for each of the 37 tissue types described above. The combined percentage of the four AS types accounts for roughly 75% of all the AS events among all the tissues (Table S3 ). The percentage of each AS type was plotted to reveal the AS dynamics during development (Figure 4a) . Strikingly, the percentage of IR was significantly reduced immediately post-fertilization in both cortex and pith (two tissues that constitute the receptacle fruit). There was about 40% IR at stage 1 (unfertilized), which was followed by a sharp drop to~20% from stage 2 (immediately post-fertilization) to stage 5. In contrast, the percentage of AA was greatly increased post-fertilization in cortex and pith with~20% at stage 1 and~33% at stages 2-5 (Figure 4a ). Given recent findings that IR was used as a mechanism to temporarily sequester partially spliced mRNAs for the purpose of rapid and simultaneous release for translation (Boothby et al., 2013) , the observed differential IR may serve as a mechanism for rapid activation of cell division and expansion in fruit initiation upon fertilization. KEGG pathways of 'Spliceosome' and 'valine, leucine and isoleucine degradation' and GO terms of several important metabolic processes were significantly enriched among the genes exhibiting differential IR (Figure 4b and Data S3), which is consistent with the rapid activation of cell division and expansion or growth. For example, gene29076 encoding an RNA binding protein and gene18080 encoding a splicing factor, two members of the splicing machinery, are themselves regulated by AS (intron retention) in a stage-dependent manner ( Figure S5 and Data S4). Moreover, transcripts of almost all genes identified by the KEGG 'Spliceosome' pathway are present at a much higher level in the receptacle (cortex and pith) at stage 1 when compared with stages 2-5 (Figure 4c ), indicating that these genes may be sequestered at the stage 1 in preparation for rapid release and translation for fruit initiation immediately after fertilization.
Next, differential splicing events were identified by MATS between successive stages of receptacle cortex and pith, and the most abundant differential splicing was found between stage 1 (pre-fertilization) and stage 2 (post-fertilization) (Data S5, false discovery rate (FDR) < 0.05, absolute 'Exon Inclusion Level Difference' > 10%). Consistently, genes with stage1-specific AS events are most abundant and show enriched GO terms in biological processes, such as 'RNA processing' and protein modifications ( Figure S6 , FDR < 0.05). For example, intron retention in gene 00401 coding for UBP12 (ubiquitin carboxyl-terminal hydrolase 12) was gradually decreased from stage1 to stage 4 in the receptacle; the retention level of its second intron is validated by RT-PCR (Figure 4d ).
Gain and loss of conserved domains among isoforms of each AS gene
When all the identified transcripts from both Illumina and SMRT were combined, 25 105 annotated genes were found to be expressed in at least one of the tissues, and 66.43% of the multiexon genes are alternatively spliced. Some GO terms were enriched for the genes undergoing different AS modes, such as AA, AD, IR and ES, respectively (Data S6). In addition, 2543 genes were identified to have a gain or loss of conserved domains as a result of AS, which would indicate changes in protein function (Data S7). Therefore, AS may have a profound impact on the proteome. Some examples of genes with isoforms that lose conserved domains are the Glycosyl Hydrolase gene (gene32087), the Flavanone 3-Hydroxylase gene (F3H, gene14611) in the flavonoid biosynthesis pathway, and photoreceptor genes Phytochrome A (gene22948) and CRY2 (gene11459) (Figure 5a) . In contrast, some isoforms gain additional domain (s), such as ALDH2a (gene32166) coding for the aldehyde dehydrogenase and gene00701 homologous to the mammalian DNA polymerase lambda involved in the repair of UV-B induced DNA damage (Figure 5b ). Further functional studies are needed to reveal the biological significances of the gain or loss of domains in these protein isoforms.
PCR validation of novel isoforms found in the receptacle
In order to verify the novel isoforms, we first tested the AS events in 14 transcription factor encoding genes belonging to several well known families, such as MYB, bZIP, NAC, WRKY, and GRAS using mRNAs derived from the pooledstage receptacle of F. vesca (Figure 6 ). Among these AS events, one event is AD (gene12582), three are ES (gene17443, gene12179, gene09110), three are AA (gene13877, gene09904, gene25833), and the rest fall into IR (Figure 6a) . Many of these genes are homologous to the Arabidopsis genes with known functions. For example, gene29562 is a homologue of AtIDD1 (AT5G66730) involved in seed development (Feurtado et al., 2011) , and gene03551 is similar to the positive regulator in the far-red light receptor phytochrome A signaling PAT1, a GRAS family member (Bolle et al., 2000) . Half of the AS events lead to premature stop and may represent a reduction, loss, or altered function of the affected gene (Palusa and Reddy, 2010) ; six events resulted in protein length alterations without frame shift; one IR event in gene03551 resulted in alternative translation start site (Table S4) .
The plant hormones auxin and ABA are important regulators during receptacle development in strawberry (Nitsch, 1950; Jia et al., 2011; Kang et al., 2013) . We found that intron retention in FvARF17 (gene31631) and FvIAA12 (gene27891), transcription factors in auxin signaling, results in premature termination codons and were validated by RT-PCR (Figure 6b ). Gene10931 encodes a protein with the ABA 8 0 -hydroxylase activity, thus controlling the level of ABA in plants (Kushiro et al., 2004; Saito et al., 2004) . The F. vesca homologue of HAB1 (gene07500), a phosphatase in ABA signaling, exhibits intron retention in the 5 0 UTR, which may affect its transcript stability or translation (Figure 6b ). In Figure 6 (a), the transcription factor gene09110 is the homologue of AtABF2 which affects ABA sensitivity (Kim et al., 2004) . These results suggest that AS may be one mechanism that modulates auxin and ABA signaling during receptacle fruit development.
In addition, several functionally characterized genes involved in fruit ripening were also regulated by AS (Figure 6c) , including fruit softening genes FaExp1 (gene02221) encoding an expansin and FabGal1 (gene23065) encoding a b-galactosidase (Dotto et al., 2006; Paniagua et al., 2016) , FaF3H (gene14611) encoding a flavanone 3-hydroxylase in the anthocyanin biosynthesis pathway (Jiang et al., 2013) , and sugar metabolism gene FaSDH (gene13340) encoding a sorbitol dehydrogenase (Duangsrisai et al., 2007) . All four genes are regulated by IR, leading to premature stop (Table S4 ). Our analyses revealed either loss or gain of protein domains as well as premature stop caused by AS, indicating a high likelihood of functional impacts as a result of AS.
DISCUSSION
In strawberry, the fruit development is unique in that the fruit flesh develops from the stem tip instead of the ovary, and the receptacle quality largely contributes to its commercial value. Thus it is of significant importance to investigate the molecular mechanisms of receptacle development for both basic science and practical applications. Previously, we profiled early stage fruit and floral transcriptomes of wild strawberry F. vesca by Illumina RNA-seq and analyzed overall transcript levels of each gene (Kang et al., 2013; Hollender et al., 2014) , leaving out the vital and more flexible regulatory roles of AS. In this study, new data were generated by both SMRT and Illumina RNA-seq from pooled-stage receptacle. This new data combined with previously published Illumina RNA_-seq data were used to identify alternatively spliced genes on a genome-wide scale, with particular emphases on the roles of AS in receptacle development. Altogether, our study not only demonstrated the successful application of SMRT sequencing to AS analysis in fruit crops, but also identified the majority of alternatively spliced events during receptacle fruit development in strawberry, serving as a valuable resource for future functional studies.
As one of the NGS technologies, Illumina-based RNAseq has many advantages, such as the highly accurate reads and the low costs. Therefore Illumina is widely used for transcriptome analysis. However for the AS analysis, NGS is limited in assembling the full-length transcripts due to NGS's short read and PCR amplification during library construction (Steijger et al., 2013; Tilgner et al., 2013) . The SMRT sequencing technology developed by Pacific Biosciences (Eid et al., 2009 ) overcomes these limitations by generating kilobase-sized sequencing reads in the absence of PCR amplification, where one read usually represents one full-length transcript (Sharon et al., 2013) . Although SMRT reads currently have a higher error rate (mostly 1 bp insertion or deletion) than the Illumina RNAseq reads, the errors could be corrected via some bioinformatic tools, such as LoRDEC (Salmela and Rivals, 2014) , and have had minimal effects on the AS analysis of sequenced genomes, such as the genome of F. vesca (Shulaev et al., 2011; Tennessen et al., 2014) .
Our SMRT data are of high quality due to the following reasons. First, the ReadsOfInserts are long enough to represent the full-length transcripts with an average length of 1495, 2443 and 3475 bp respectively for the 1-2 K, 2-3 K, and >3 K libraries. When the three libraries were combined, 80.2% (354 939 out of 442 601) ReadsOfInserts are full-length non-chimeric reads (Table 1) . Second, a high percentage (96.42%) of the 85 416 consensus transcripts (Table 1) could be aligned to the genome (Table S1 ). In the end, large numbers of unique isoforms or AS events were specifically identified by SMRT derived reads ( Figure 3 and Table 2 ), demonstrating that SMRT sequencing is very sensitive in uncovering new isoforms. We found that only a handful of genes have more than 30 isoforms in strawberry receptacle based on our SMRT results (Data S2), which is significantly fewer than animal genes, the most impressive of which is the mouse Nrxn1a gene with 247 splicing variants (Treutlein et al., 2014) . One drawback of the SMRT sequencing for transcriptome analysis is that the number of reads for each gene partly depends on the number of SMRT cells used for sequencing of each library with different size of inserts, therefore hindering quantitative comparisons between isoforms and between samples.
To comprehensively identify AS genes in strawberry genome, previous datasets derived from flower and fruit tissues as well as novel transcriptome datasets generated from pooled receptacle in F. vesca in this study were combined for the analyses (Figure 1) . A combined total of 66.43% multiexon genes in F. vesca were found to be alternatively spliced, suggesting that AS is widely practiced during strawberry development. This frequency is a little bit higher than the highest ones discovered in Arabidopsis and soybean that utilize Illumina platform (Marquez et al., 2012; Shen et al., 2014) ; this higher frequency in strawberry may be due to the application of SMRT sequencing. Although the splicing patterns were thought to be largely stable between different tissues (Loraine et al., 2013) , we discovered that some AS events are more abundant at certain developmental stages of strawberry receptacle (Data S5). Most abundant differential AS events were found between stage 1 (pre-fertilization) and stage 2 (postfertilization) during strawberry receptacle fruit development (Data S5), reminding us the fact that more genes are differentially expressed between stage 1 and stage 2 than the comparisons between other successive stages (Kang et al., 2013) . This work indicates that AS has a significant impact on the final proteome of the fruit tissue and adds an important layer of post-transcriptional regulation to fruit development.
It is an interesting finding that AS types are probably under active regulation at a systems level during fruit development, namely IR was dramatically reduced from stage 1 to stage 2 receptacle whereas AA was significantly increased (Figure 4) . In our studies, stage 1 indicates the anthesis stage; at stage 2, fruit initiation is successfully triggered by fertilization commencing a fast growth including cell division and cell expansion. In this narrow time window, removing the retained intron could serve as an effective way to quickly release the stored mRNA for the active protein synthesis. Therefore, intron retention likely serves as a mechanism in gene regulation. While mRNAs with retained introns are inaccessible to ribosomes and hence are set aside, regulated removal of the retained intron may suddenly release the 'stored' mRNA for protein synthesis, meeting the demand of rapid cell division and organ growth. This phenomenon was previously demonstrated in the microspore of Marsilea vestita, which takes only half a day to complete the spermatogenesis upon hydration (Boothby et al., 2013) . Among the genes having retained introns at stage1 but not at stage5 are the splicing machinery genes themselves (Figure 4) , suggesting the need to have increased splicing capability post-fertilization. This IR mechanism in strawberry receptacle may quickly supply many protein factors required for rapid cell division and expansion during fruit set and fruit enlargement.
EXPERIMENTAL PROCEDURES Plant materials
The receptacle was collected from the diploid F. vesca YW5AF7 (Slovin et al., 2009) , an inbred line of F. vesca f. semperflorens with yellow fruits. Plants were grown in substrate under natural conditions in plastic-covered tunnels at Huazhong Agricultural University. The receptacle fruits were collected in the morning at late March. The receptacle with achenes removed was cut into small pieces and stored at À80°C after being quickly frozen in liquid nitrogen.
Library preparation and SMRT sequencing
Equal amounts of receptacle tissue of F. vesca (YW5AF7) from each stage (small green to ripe stages; Figure 1a) were pooled together. Total RNA was extracted using the Plant Total RNA Isolation Kit (Sangon Biotech, Shanghai, China, No. SK8631) following manufacturer's instructions. The RNA integrity was assessed by Experion Automated Electrophoresis System (Bio-Rad, Hercules, CA, USA). Next, the cDNA synthesis was finished by Life Technologies' Superscript double-stranded cDNA synthesis kit (catalogue #11917-010), where the reverse transcription (RT) was primed with an anchored oligo(dT) 20 primer (Life Technologies, Carlsbad, CA, USA, catalogue #12577-011). The product was separated by agarose gel-based size selection into cDNA fractions of length 1-2 kb, 2-3 kb and >3 kb. These three SMRT libraries were generated using Pacific Biosciences' 1.0 template preparation kit (Menlo Park, CA, USA, part #001-322-716) according to the standard protocol. The 1-2 kb library was sequenced using five SMRT cells; and the other two libraries were sequenced using four SMART cells, respectively.
Illumina RNA sequencing of pooled receptacle tissues from YW5AF7
Equal amounts of receptacle tissues at small green to ripe stages were pooled for F. vesca YW5AF7 (Figure 1a) . Total RNA was extracted and evaluated as described above. 6 lg of total RNA was sent to Beijing Genomics Institute (BGI, Wuhan, China) for strandspecific library construction and sequencing on Illumina HiSeq2500. In total, 89 million 125 bp paired-end reads were generated.
Description of previous RNA-seq datasets
The samples in previous datasets were all collected from diploid strawberry F. vesca YW5AF7. The fruit RNA-seq dataset includes 25 samples (each with two biological replicates), representing five different fruit tissues at five developmental stages (Kang et al., 2013) . The flower RNA-seq dataset includes 12 samples with two biological replicates representing developing anthers and carpels (Hollender et al., 2014) . PolyA-selected RNA was used for sequencing on Illumina HiSeq2000, generating about 20-40 million 51 bp single-end reads for each library. Both datasets were deposited at Sequence Read Archive (SRA) at NCBI (http://www. ncbi.nlm.nih.gov/sra). The accession numbers are SRA065786 and SRP035308, respectively.
Computational prediction of novel isoforms using Illumina RNA-seq datasets
For the Illumina 125-bp paired-end data, the first 12 nt with low quality score in each read was trimmed off using fastx_trim in the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Each library was mapped individually to the F. vesca Genome v2.0.a1 (Tennessen et al., 2014) downloaded from GDR (www.rosaceae. org) using the program TopHat2 (Kim et al., 2013) . The maximum and minimum intron sizes were set to 10000 and 20 bp, respectively. Others were set as default. Next, transcripts were assembled individually for each library by StringTie with default settings in the absence of annotation file (Pertea et al., 2015) . Compared to the annotation, only transcripts with class_code '=' or 'j' were considered as isoforms of known genes. At last, the transcripts derived from different datasets were compared to each other to identify common or unique ones using Cuffcompare (Figures 3  and S3 ) (Trapnell et al., 2010) . The 51 bp single-end reads from all the 74 libraries of previous flower and fruit datasets were directly used for transcript assembly as described above for the newly generated Illumina reads. To compare the effects of different algorithms for the transcript assembly using Illumina reads, the cufflinks (Trapnell et al., 2012) and Trinity (genome-guided model) (Haas et al., 2013) were also used with default settings. The assembled transcripts by Trinity were mapped to the reference genome using GMAP (Wu and Watanabe, 2005) and filtered with >85% alignment coverage and >90% alignment identity.
Data analysis of SMRT sequencing data
RS_IsoSeq (v2.3) was used for the analysis of SMRT sequencing data. In this pipeline, the new 'Reads of Insert' protocol is used instead of the CCS (Circular Consensus Sequence) and subreads in the old version, where ReadsOfInsert could either be a fulllength transcript (as defined by the presence of 5 0 primer, 3 0 primer, and the polyA tail if applicable) or a non-full-length transcript. To identify all possible reads, we used a relaxed standard to extract the ReadsOfInserts with minimum full pass of 0 and minimum accuracy of 75 in the filtering panel. To analyze AS, we used a stringent standard with minimum full pass of 2 and minimum accuracy of 90. In the isoseq_classify panel, the length must be longer than 500 bp in both cases. The ReadsOfInserts were separated into two groups, Full-Length and non-Full-Length. In the isoseq_cluster panel, the options of 'Predict Consensus Isoforms using the ICE Algorithm' and 'Call Quiver to Polish Consensus Isoforms' were turned on to get high-quality, full-length, and polished consensus transcripts. The LoRDEC software was used to correct the sequencing errors in the consensus transcripts using Illumina reads as the reference (Salmela and Rivals, 2014) . The corrected consensus transcripts were then mapped by GMAP with >85% alignment coverage and >90% alignment identity (Wu and Watanabe, 2005) . The exact command line was 'gmap -D F.vesca_genome_database -d Fragaria_vesca_v2.0.a1_genome -f samse -n 0 -t 12-cross-species-no-chimeras-min-trimmed-coverage=0.85-min-identity= 0.9'. The output files are in the SAM format. Redundant isoforms were further removed by collapse_isoforms_by_sam.py, which was built in pbtranscript-tofu (v2.2.3).
Characterization of AS events
To classify the AS events, the tool AStalavista was employed using the raw .gtf files assembled from the Illumina RNA-seq and SMRT sequencing data (Foissac and Sammeth, 2007) . Four major types of AS events, namely IR (AS code: 1^2-,0), ES (AS code: 1-2^, 0), AA (AS code: 1-,2-), and AD (AS code: 1^,2^), were extracted from the output files and counted, respectively.
Discovery of differentially spliced events in pairwise comparisons
MATS (Shen et al., 2012) was used to call the differentially spliced events between the fruit receptacle tissues (cortex and pith) at successive stages, using the aligned.bam files as input with default settings. For the comparison, the merged.gtf file derived from the SMRT and new Illumina data was used as the reference. Differentially spliced events were defined as the ones with an absolute 'Exon Inclusion Level Difference' greater than 10% and FDR less than 0.05. The examined events include skipped exon (SE), alternative 5 0 splice site (A5SS), alternative 3 0 splice site (A3SS), mutually exclusive exons (MXE), and retained intron (RI).
Identification of isoforms with gain or loss of protein domains
First, transcripts obtained from all libraries mentioned in this study (Figure 1 ) were combined and then filtered with class_code '=' and 'j'. Second, the longest open reading frame for each remaining transcript/isoform was obtained by in-house Python script. Finally, HMMER v3.1b2 (http://hmmer.janelia.org/) was used to search for conserved protein domains against the Pfam database version 28 from these proteins (E-value < 0.01) (Finn et al., 2016) . The protein domains were compared in a pairwise manner between novel isoforms and annotated genes in the same loci to reveal the gain or loss of conserved domains.
Validation of known and novel isoforms by RT-PCR
Total RNA was isolated from the receptacle of YW5AF7 as described above for RNA-seq. cDNA was synthesized from 1 lg total RNA in 20 lL solution using the PrimeScript TM RT reagent kit (TaKaRa, Shiga, Japan, Cat# RR047A); 59 diluted cDNA served as the template. Ex Taq MasterMix (CWBIO, Beijing, China, CW0690A) was used for PCR amplification. PCR products were visualized in agarose gel stained by ethidium bromide (EB). A pair of primers in gene11892 spanning two introns was used as an internal control to rule out genomic DNA contamination.
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